Abstract: This paper attempts to uncover the economic competitiveness of Indian states based on the framework of Economic Complexity. We find that states tend to produce almost all products that are within their productive capabilities. We also find significant discrepancy in the performances of states by the metrics of Fitness and of income, and argue that this encapsulates aspects such as the unexpressed potential for income growth in some cases, and over-reliance on specific markets, products, or historical factors driving income growth in others. We discuss the performance of individual states based on their Fitness and contextualize the emergent trends within the framework of India's modern economic history. Finally, we attempt to understand the coevolution of productive capabilities and find that the probability of coexistence of any pair of capabilities at a given time is maximised when the capabilities are of similar complexity. Therefore, states potentially require long time horizons to build highly complex capabilities and consequently, diverse product baskets.
Introduction:
There are a multitude of economic theories attempting to explain the evolution of economic development paths of nations [1] [2] [3] [4] [5] [6] [7] . Classical economic theory focused on national income as the basis for economic development and considered critical three factors of production -labour, land and capital [1] . It also stressed the importance of trade to economic growth, with Ricardo outlining the principle of comparative advantage, according to which nations exported only those goods and services they could produce at lower opportunity cost, ultimately resulting in specialization of national economic production systems [2] . Modern neoclassical theory, typified by the Solow-Swan model [3, 4] , emphasised the importance of technological change in addition to labour and capital, and predicted long run convergence to a steady-state equilibrium. A natural outcome of this theory is that permanent growth remains possible only through continuous technological innovation. While the neoclassical approach remains influential, dissatisfaction with its assumption of technology as an exogenous effect led to the development of endogenous growth theory [5] [6] [7] , which endogenized productivity within the growth model. This has been accomplished, for instance, by modelling accumulation of knowledge as investment in human capital and considering its spillover effects in generating growth [5, 6] , or alternatively by modelling industrial innovations to improve productsthus incorporating the factor of obsolescence -and essentially embodying Schumpeter's vision of growth through creative destruction [7] .
It has been argued that the predictive power of these theoretical models is compromised on account of simplifying assumptions such as equilibrating outcomes and rational agents, that prevent a dynamical representation of the economic system [8] . It was Hayek who made the case that the generation of market outcomes as a consequence of interactions between economic agents was essential to understanding the truly significant aspects of the emergent market behaviour [9] . There has indeed been a long realization of the need for dynamic representation of social phenomena [10] , and even predictions that the widespread use of computers could increasingly influence the development of theory behind such complex systems [11, 12] . Essentially, therefore, processes such as economic growth are well suited to exploration as emergent phenomena arising out of complex and heterogenous interactions across multiple scales.
In this context, the recent emergence of Economic Complexity as the basis to explore the economic capabilities and growth prospects of nations is significant [13] [14] [15] [16] [17] [18] . The underlying thesis of Economic Complexity is that the productivity of a nation is a function of its underlying non-tradable 'capabilities' (such as infrastructure, regulations, and skills) and that differences in national economic performance are explained by differences in economic complexity as encapsulated by the diversity of and interactions between these capabilities [13, 14] . Hidalgo and Hausmann [13] show that it is indeed possible to infer the diversity and ubiquity of capabilities of countries by merely looking at their export baskets and interpreting the product-country data as a bipartite graph whose structure they characterize through an iterative procedure to produce a symmetric set of variables for the two kinds of nodes on the network (countries and products). This methodology was further developed and refined in the work of Tacchella et. al [15] , who proposed a non-linear, iterative approach (in the spirit of PageRank [19] ) to measure the Complexity of products and the Fitness of countries that produced them -as the fixed point of the iteration of two non-linear coupled equations. In this context, the Complexity of a product is best understood as a measure of the capabilities required to produce the product and the Fitness of a nation is a measure of its competitiveness and adaptability (or reservoir of capabilities). They begin by depicting the bipartite country-product graph as an adjacency matrix (M), where each term of the matrix corresponding to country c and product p is a measure of the Revealed Comparative Advantage (RCAcp) [20] of country c in product p. If qcp is the amount (in monetary terms) of the export by country c of product p, then:
Given RCAcp, the corresponding entry Mcp in theadjacency matrix is 1 if RCAcp > 1 and 0 if RCAcp < 1. Tacchella et. al. [15] define the iteration process which couples the Fitness of a country (Fc) with the Complexity of a product (Qp) to obtain the fixed point values as follows:
The denominators in Eqs. 2 and 3 ensure that the values of Fc and Qp are normalized at each iteration n. Fitness of a nation (Fc) is proportional to the linear sum of the complexity of products in its export basket (Eq. 2), while Complexity of a product (Qp) weights the Fitness of producer countries in a nonlinear way so that countries with low Fitness contribute substantially more to the bound on Qp than high Fitness countries.
The Economic Complexity approach has been used to assess the Fitness of nations and understand the complete spectrum of productive capability of countries [13] [14] [15] [16] , to reveal the heterogenous dynamics of economic complexity across the Fitness-Income plane [17] , as well as to examine the potential for future economic growth [18] and the nature of expected diversification in national economic capabilities [14] . Overall, it provides us a unique, non-linear, non-parametric approach to explore the heterogenous dynamics of economic development.
We propose to extend the approach of Economic Complexity to understanding the economic capabilities of Indian states. India is a nation of sub-continental scale with vast cultural, social, and economic diversity -it has 30 languages spoken by more than a million people [21], distinct sociocultural practices across geographies, and widely divergent economic paths described by different states [22] [23] [24] [25] [26] [27] [28] . India's post-independence economic history has essentially been characterized by significant heterogeneity in economic performance across states -economic growth is unbalanced with the southern and western states exhibiting much stronger performance than the states of the IndoGangetic plain [22] [23] [24] [25] , and income disparities across states have only increased over time, with no evidence for convergence [26] [27] [28] . Also, given that India is also home to one-sixth of humanity and that it is a strongly federal entity with significant responsibility for socio-economic development wielded by state governments [29] , we argue that it is reasonable, and indeed valuable, to consider the Indian economic system as being driven by the capabilities of its constituent states and to consequently develop a deeper understanding of the nature of economic capabilities of these states. We also seek to discuss the general results and significant exceptions thrown up by Economic Complexity in the context of India's modern economic history.
Results:
We use state level export data of goods for 12 Indian states (Andhra Pradesh, Bihar, Delhi, Goa, Gujarat, Karnataka, Maharashtra, Odisha, Punjab, Tamil Nadu, Uttar Pradesh, and West Bengal) for which data is available for the period 2009-10 to 2016-17 across a consistent set of 165 products. This data does not capture service exports, meaning that some of the high value export sectors such as software and tourism remain outside the ambit of this analysis. We discuss the impact of exclusion of services in the Discussion section. While a comprehensive analysis would ideally require data across all states and sectors, the available dataset provides significant product, geographic and economic diversity to still remain valuable for analysis.
We start by creating the state-product matrix (Msp) based on Revealed Comparative Advantage and find that this describes a triangular matrix ( Fig. 1) , implying that the states that have higher Fitness have a more diverse basket of exports -meaning that the set of capabilities they possess enables them to produce all products that fall within that capability limit. The lowest Fitness states on the other hand can only produce a very limited set of products, requiring only a very small set of capabilities. This is in direct disagreement with Ricardo's thesis of economic specialization [2] , and in fact suggests that in a dynamic economic environment, states with greater capabilities tend towards greater product diversity (and not increasing specialization), and consequently greater adaptability in the face of varying economic conditions. This outcome is in close agreement with the findings of Hidalgo and Hausmann [13] as well as Cristelli et. al. [18] who construct country-product matrices using multiple cross-country trade data sets and find the emergence of a triangular country-product structure.
Overall, this suggests that product basket diversity is attained through the continued enhancement of productive capabilities and that states with low levels of capability might be left competing only in those products where most other states are actively competing as well. The triangular structure illustrates that states export most products that fall within their capability set, and the lower the Fitness of a state, the smaller its capability set and consequently its export basket. Fig. 2 depicts the ranking of states by their economic complexity (Fitness), and to offer comparison, states are also ranked by income per capita. Maharashtra is the state with highest Fitness, followed by Tamil Nadu, while Odisha and Goa are the states with lowest Fitness. Some of the striking findings that emerge from these rankings are the high level of Fitness exhibited by Bihar (ranked 3 rd ), and the much lower levels of Fitness of Punjab (9 th ) and Andhra Pradesh (10 th ). As even this limited analysis reveals, Fitness rankings appear to significantly diverge from rankings based on income, suggesting that economic complexity is potentially revealing a different underlying economic dynamic to that captured purely by income. These discrepancies between Fitness and income could encapsulate aspects such as the unexpressed potential for income growth in some cases and over-reliance on specific markets and products driving income growth in others. We discuss these dynamics in greater detail in the Discussion section and explore the possible causes and consequences of the levels of Fitness of individual Indian states. Before we do, however, it is important to note that despite these differences between Fitness and income measures, both do indeed reflect performance of the real economy, and it has been posited that understanding the evolution of nations on the Fitness-Income plane could yield insights into factors impinging past economic performance as well as future prospects [16] . Figure 3 plots the evolution of Indian states on the Fitness-Income plane for the period 2009-10 to 2016-17 and reveals two distinct regimes on the plane. We find a laminar regime, around -2 < ln (Fc) < 2 (blue shade in Fig. 3A and zoomed in Fig. 3B ), that reveals seemingly predictable dynamics suggesting that Fitness could potentially inform evolution of income over time, and a chaotic regime at ln (Fc) << 0 (red shade in Fig. 3A) where the zig-zag paths suggest very low predictability. Increasing Fitness appears to correspond to increasing ability to predict evolution of income. This finding again is in agreement with empirical results from cross-country trade data, where Cristelli et. al. [17] find distinct chaotic and laminar regimes, and suggest an even more granular typology comprising four regions on the Fitness-Income plane. When we look closely at the Figure 3 , we find that large states with both high Fitness and incomes, like Maharashtra and Tamil Nadu, have more orderly paths of evolution on the plane, but smaller states with high incomes like Goa and Delhi show significant heterogeneity, with Goa at the lower end (and showing significant fluctuation) of the Fitness scale and Delhi at the higher end. Punjab and Andhra Pradesh, in the middle of the income scale and with intermediate Fitness, appear to be at the cusp of chaotic and laminar regimes. Finally, the lowest income states show heterogenous behaviour with Odisha and Uttar Pradesh in the chaotic regime with very low (but fluctuating) Fitness, and Bihar with the lowest income of all but showing remarkably high Fitness, and firmly in the laminar regime. The significant fluctuations in Fitness in the chaotic region suggest that even small changes in the RCA profile of these states yields significant Fitness impacts because each additional product added to or each existing product removed has a significant impact on an already small state product basket. We discuss the deeper implications of these paths for Indian states in the Discussion section. 
Discussion:
We start with an exploration of the Fitness of Indian states. As outlined earlier, the Fitness of a state is a non-monetary measure of the set of productive capabilities available in the state. As Fig. 2 clearly establishes, there are significant differences between rankings based on Fitness and income. Maharashtra and Tamil Nadu have the highest Fitness in this set of Indian states, even though Tamil Nadu is ranked only 6 th by income. Punjab and Andhra Pradesh, whose incomes are just below Tamil Nadu's in the rankings, have Fitness levels that are orders of magnitude lower. Bihar which sits at the bottom of the income rankings is 3 rd on Fitness, while Goa, which ranks top on income sits almost at the bottom on Fitness (11 th ). In order to explicate on these trends, we look at the detailed and complete production spectrums [16] of each of the states (Fig. 4) , which essentially captures the volumes of export for each product for each state, in the overall export basket of all states.
As expected, higher Fitness states have wider product spectrums, and we see that Maharashtra and Tamil Nadu produce almost the entire basket of goods, with Maharashtra producing higher volumes than Tamil Nadu. Additionally, while state-level time-series data of service exports is unavailable, it is known that both these states are also significant contributors to export in high value services such as software [30, 31] -reflecting both their more advanced production capabilities as well and their ability to leverage these capacities for continued economic growth.
The production spectrum of Goa is extremely thin and concentrated on the lowest complexity products explaining its low Fitness, but its position at the top of the income tables is possibly Karnataka and Delhi show a reasonable spread of capabilities (Fig. 4) , but Karnataka has lower Fitness because its production spectrum flatlines earlier as we head towards the highest Complexity products. It is important, however, to remember that the export data does not include services, and Karnataka has been the national leader in export of software services [30] . To illustrate, while data on software exports disaggregated at the state-level is unavailable post 2007-08, as of that year software exports from Karnataka were 1.4 times the total product export basket of the state. This highlights the development of capabilities in technology and IT which are potential drivers for improved economic performance in high value services in the future and reflect the emergence of productive capabilities at the cutting edge of the knowledge economy.
West Bengal also has a wide spectrum of capabilities, but for a state of it size (containing 7.8% of India's population [33]), the volume of production across the complete range of products appears low, when compared to Maharashtra or Tamil Nadu. Thus, even as it is shows comparative advantage in producing several goods, it appears unable to maximize scale economies in the production of these goods. A similar concern emerges for Gujarat as well, with a production spectrum narrower than West Bengal, and with low volumes in the products that it exports. The most glaring example of this phenomenon is Bihar, whose high Fitness (especially in view of its low income), is anomalous largely on account of its small overall contribution to the total export basket (2.1%, just slightly ahead of Odisha, Uttar Pradesh, and Goa), which is spread across small volumes of a range of products (the blips in Fig. 4 ). This essentially means that Bihar is able to export a spectrum of products at very small scale, but unable to meaningfully scale up even though it is the third largest Indian state by population [33] .
The presence of Andhra Pradesh (AP) and Punjab is the list of lowest Fitness states is surprising, given their comparatively high income levels. But even a cursory examination of their product spectrums (Fig. 4) reveals that AP exports a few very low complexity products, while the spectrum of Punjab is essentially a flat line. The high income level in Punjab's case is arguably a legacy of the remarkable agricultural performance of the state post the Green Revolution of the 1960's, though more recently there have even been worries about stagnation in the state's agrarian economy [34] . Additionally, it has been pointed out that after the economic reforms of 1991, there has been a deceleration in growth of an already limited industrial economy of the state [35] . It appears therefore in keeping with these economic trends that the Fitness of Punjab is indeed quite low. AP, on the other hand, while still largely agrarian and with a long history of a commercialised agrarian economy [36] , has a seen a significant shift in economic composition post the emergence of the Information Technology (IT) and software sector in its economy [37] . For instance, in 2007-08, the total computer software and services export from AP was 1.8 times the total product export basket of the state. It has also been argued that as part of this thrust towards IT in AP, the development of human capital in the high-technology and knowledge economy sectors through promotion of technical institutes of higher education over a period of time has been a key policy prerogative of the state government [37] . This analysis suggests that the sustained investments made by AP in these areas could see the state reap benefits in terms of enhanced productive activity in the high value technology sectors and yield significantly enhanced Fitness over time, while the stagnation of agriculture, poor industrial performance, and absence of high value services generation in Punjab raises serious questions about the enhancement of productive capabilities and the economic future of the state.
Finally, the most significant concerns relate to the low Fitness -low income states of Odisha and Uttar Pradesh because of the potential consequence of long-term poverty traps. In these cases, we see almost completely flat product spectrums reflective of abysmal levels of Fitness (Fig. 4) . We also see that the temporal paths described by these states in the Fitness-Income plane (Fig. 3 ) lie in the chaotic regime, showing significant variations in Fitness (but at extremely low levels) over time. In this context of low Fitness states, the most critical concern is the potential of states developing multiple sets of increasingly complex capabilities, or more specifically, we seek here to understand the probability of all pairs of productive capabilities coexisting at any given time. Hidalgo et. al. [14] propose a network of product relatedness termed the 'product space', where relatedness of or similarity between products i and j (which could encompass requirements of similar underlying infrastructure, institutions, technology and skills) is the conditional probability of both products having RCA ≥ 1 at time t. The product space (φ) is therefore a square matrix of dimension PXP, where P is the total numbers of products in the export basket (and representative of the underlying capabilities required). Each element φ(i,j,t) of the product space is given by Eq. 4:
We construct the product space matrix for our dataset (Fig. 5A ) and find that it is a sparse matrix with 15% of its elements equal to zero, 28% less than 0.1, and 45% less than 0.2; these results are consistent with the product space obtained using global trade data [14] . As Fig. 5A suggests, the probabilities of coexisting capabilities are higher along the diagonal of the matrix, and given that the products are ordered by Complexity, this implies that coexistence is more likely between locations on the product space that have small differences in Complexity. This is brought into even sharper relief by Figs. 5B and 5C, which only highlight those cells in the matrix whose probabilities ≥ 0.5 and ≥ 0.6 respectively, and it is readily apparent that higher coexistence probabilities are clustered around the diagonal. In the context of states will small sets of capabilities, this means that capabilities are likely to coexist only with neighbouring locations of similar low Complexity. What this suggests for states stuck in the low Fitness-low income region of the Fitness-Income plane is that there are no alternatives to longterm strategies focused on building human and physical capital that will enable the creation of increasingly complex sets of capabilities over time.
Conclusion:
We attempt to explore the economic complexity of Indian states using goods export data and find that the State-Product matrix, based on product exports in which states have Revealed Comparative Advantage, yields a triangular matrix indicative of the fact that states produce most products for which they have the capability. Thus, states with the ability to produce more Complex products display greater Fitness, and this conception of Fitness encompasses both product diversification and flexibility in a dynamic sense. We also find that ranking of states by Fitness is quite different from rakings by per capita income, and discuss the possibility that these discrepancies could encapsulate aspects such as the unexpressed potential for income growth in some cases such as Tamil Nadu, Karnataka, and Maharashtra, and over-reliance on specific markets, products, or historical factors driving income growth in others such as Goa, Punjab, and Gujarat. Exploring the temporal paths described by nations on the Fitness-Income plane reveals two clear regimes -a chaotic regime where paths display high degree of variability over time (Odisha, Goa, Uttar Pradesh) and a laminar regime with more predictable paths (Mahasrashtra, West Bengal, Tamil Nadu, Gujarat, Karnataka, and Delhi). The low Fitness -low Income part of the Fitness-Income place is of particular concern (Uttar Pradesh and Odisha), as these are the states that are at the highest risk of being stuck in long-term poverty traps. In this context, we examine the probability matrix of the coexistence of pairs of capabilities and find that the probabilities are maximised when the capabilities are of similar Complexity. Therefore, we posit that long-term planning and investment horizons are required in strategies that aim to significantly enhance the capabilities of the poorest and least Fit states.
It is important to point out our analysis only considers the available data for Indian states -this is restricted to a time-series of 12 states between 2009-10 and 2016-17. The data set also includes only goods and commodities export, not the export of services, therefore missing out on high value exports such as software. However, given that most of these service exports happen in states with higher Fitness as per the commodities data, the findings of this research would potentially hold even with the addition of services data.
